A new non-destructive method was applied in order to assess bone integrity. The method is based on measurement of bone dynamic characteristics (MDF and QF) by applying vibration excitation in the range of acoustic frequencies, in the form of an acoustic sweep signal. The method has been already applied on metallic structures and composites, including animal bones and has shown the potential to become a valuable assessment tool for monitoring bone structural changes. The measured characteristics are directly related with stress concentration due to discontinuities in the material of the bone, such as changes in porosity due to osteopenia. In turn, stress concentration is known to cause fracture in such materials. In this work, sheep femora were split in cuts and tested to detect changes in MDF -QF, BMD (kg/m 2 ), RS and IEF, without the effect of soft tissue. MDF -QF are shown to be the best indicators and measures of the tendency of the bone to fracture, as compared to the conventional methods (BMD and RS) and to the absolute strength measure (IEF).
Introduction
Bone is a composite formed by the mineralization of an organic matrix (largely collagen type I) by the nucleation and growth of a carbonated calcium phosphate mineral (bio apatite), highly resembling hydroxy-apatite, Ca 10 (PO 4 ) 6 (OH) 2 , within the matrix. Bioapatite provides the biomechanical properties needed for body support and movement, enabling it also to withstand stresses. Failure of mineralization of newly formed or bone remodelling results in an excess of unmineralized bone matrix (called osteoid tissue) and this comprises the clinical entity of osteomalacia. Main causative mechanisms are vitamin D deficiency and phosphate depletion [1] . In contrary both the decrease in the amount of normally mineralized bone and the disturbance in bone micro architecture (which increases the risk of fractures occurring in the absence of trauma or in response to trivial trauma) is known as osteoporosis [2] . Some clinicians use the generic term osteopenia, which describes decreased mineralised bone mass with no reference in particular bone pathology responsible for the decrease in bone mineral density [1] .
Osteopenia may be due to osteoporosis, osteomalacia, primary hyperparathyroidism or malignant diseases, all of which may cause generalized bone loss.
A number of conventional tools have been used for the identification of major bone constituents. RS is based on the irradiation of a sample by laser beam and the observation of the differences between the frequencies of the incident beam and the scattered light. These differences are due to the vibration transitions of the molecules of the sample, thus information on these molecules and their quantity can be extracted. Due to its nature RS is a non-destructive technique for the sample but practically is also a surface technique. Therefore, it is difficult to be applied as a non-invasive technique for molecular analysis of bone. On the other hand RS has unique capabilities such as point-by-point analysis (mapping) of the sample by focusing the laser on the desired area of the sample, non-destructive nature, absence of any sample preparation, very short time needed to record and process a Raman spectrum. RS has been applied recently on bones for identification purposes [3] [4] [5] [6] [7] [8] , for studying the chemical microstructure of cortical bone [9] , for determining the mineral percentage as well as the mineral/matrix ratio depth profile of artificially demineralized bovine femur [10] and sheep femoral heads [11] , and in mineralization and biomechanical studies [12] .
BMD is recognized as the most important single determinant of fracture risk in populations with bone disease [13, 14] . Accordingly, measurement of bone density is currently the mainstay for the diagnosis and monitoring of osteoporosis, osteomalacia or osteopenia in general. However, many other skeletal and extraskeletal factors and conditions may influence the risk of developing a fracture, as in particular, a hip fracture [15] . Therefore, the ability of bone to withstand traumatic insults is the result of both the amount of mineralized tissue per unit of volume (density), and many other factors that are commonly referred to as "bone quality". Loss of trabecular connectivity is considered one of the critical factors that weaken bone strength in osteoporosis [16] . Although data are still limited, this architectural abnormality may independently constitute an important factor for predicting fracture risk [17] . 
Materials and Methods

Experimental design
Series of animal tests have been performed in-vitro on cuts of sheep femoral heads. Twelve femoral bones were tested with X-ray to ensure that the animal was sufficiently mature with epiphyseal plates closed. The bones were carefully excised in order to remove the effect of soft tissues on the measurements and treated with 2N Hydrochloric acid for 4 hours in order to simulate the mineral deficiency observed in osteopenia. Each bone then was rinsed and dried in vacuum to remove excess water. Next each bone was cut in the trochanteric area in four practically rectangular quadrants as shown in Figure 1 . From each bone four specimens were produced on which MDF, BMD, RS and IEF measurements were performed.
Axis 0 is the longitudinal axis of the bone. Levels 1, 2 and 3 are the levels cutting the bone. These levels form an angle 120º with the longitudinal axis of the bone. A fourth cutting level is needed in order to get four specimens from each bone. This fourth level is perpendicular to the three levels 1-3, as shown in Figure 1 . Eventually, upper, lower, front, and back areas appear (Figures 1&2). Additional cutting was performed in order to achieve rectangular specimens' shape. Thus, from each femur four integral specimens (cuts) were taken. The 45 cuts that were gathered from the 12 femora (3 cuts destroyed during cutting) were characterized according to their location in the bone, numbered and marked with blue, red, purple, and green color, as follows:
The above preparations and setup occurred as a result for:
• Elimination of any effect of surrounding soft tissue on MDF -QF measurements
•
Specimens uniformity, achieved by cutting the trochanteric area in rectangular quadrants since most of the cortical bone is removed leaving rather homogeneous cancellous bone for testing
In vitro studies have shown that bone strength is correlated not only to mineral content, but also to the modulus of elasticity [18] [19] [20] and the natural frequency of bone vibration [21] [22] [23] [24] [25] . Thus, transmission techniques based on ultrasound attenuation or velocity, have been developed as a clinical tool [26] .
The application of a new analytical-arithmetic and experimental method for measurement and calculation of MDF to assess bone integrity, based on sweeping sound excitation, which is equal or better predictor of bone strength than mineral density, was presented by [11, 27, 28] . This method was also applied in porous isotropic and homogeneous materials with elastic behaviour and gave excellent results [29, 30] as well as in cracked structures [31, 32] and ceramics [33] . Ultrasound measures the elasticity modulus of the material and uses high frequency sound, while the method reported here measures material damping using excitation in the acoustic range. The calculation of QF based on MDF can in theory be applied in clinical settings to estimate the biomechanical competence of bone, and thus it may be used as a diagnostic tool.
In this work MDF, BMD (with DEXA), RS and IEF were measured on artificially deminineralized cuts taken from sheep femoral heads for correlation purposes. IEF measurements were selected since it is the absolute measure of strength, while MDF, BMD, and RS measurements are only correlating indices. Cutting the femoral heads enabled the composition analysis of the different regions of each head, through RS, before and after demineralization, since, as opposed to previous known works, both the cancellous regions and the cortical part of each bone were available for RS excitation. This course of action was dictated as the next research step to previous works [11, 28] , where MDF was applied for the first time on intact bones for monitoring the degree of demineralization by immersing the samples in HCl for different periods or on osteoporotic due to ovariectomy rats, respectively, in order to confirm that the method is equally effective in a localized study. 
Better demineralization conditions using HCl acid and better specimen penetration
• Similar geometry of the specimen with practically same amount of bone material for testing. Based on the methods described in the next sections, mass m, damped natural frequency ω d , MDF, BMD, RS and IEF measurements were performed on sheep femora cuts.
Measurement of damping
Natural frequency of any structural member is defined as the frequency at which the member vibrates if displaced from equilibrium. Usually several frequencies coexist and signal analysis techniques are available for the simultaneous measurement of these frequencies. Material damping factor γ is defined as the energy dissipated throughout the medium in one cycle of deformation, normalized with respect to the elastic energy stored during that cycle, representing the fraction of strain energy lost in one full cycle [34] due to discontinuities of the medium.
The present study is motivated by the need to quantify material damping for the design of such structures. Knowledge of the fundamental sources of damping existing in all solids has been around for over fifty years [35] [36] [37] . Of these fundamental sources, thermoelastic dissipation is the most significant [29] [30] [31] . The modal damping factor ζ (MDF) and Quality Factor (QF) are defined [34, 38] (1)
From [22] , eq/on (3.74), page 146
Hence, for natural vibration
Then, raising to the second power both sides of equation (1) (4) and (5) we get ζ 4 =0, which is true, given that ζ is too small. Hence equation (1) is valid.
Dedicated device capable for MDF measurements was designed and constructed, consisting of a triggering unit which emits a sound transmitted to the bone through contact of a stem and of an accelerometer as output sensor. MDF was obtained in vitro by applying the half-power bandwidth method [34] . Bones with all soft tissues carefully removed were used. A piezoelectric accelerometer of 0,5 g mass was fixed on one end of the femur as vibration transducer. The bone was set to free vibration from an initial displaced position and the signal of the accelerometer was then amplified and relayed to an analogue-todigital converter. The vibration data were stored in computer for further analysis. MDF was calculated from the FFT analysis of time response data. The damping factor is proportional to the energy absorbed per cycle of vibration [34] .
Measurement of BMD
BMD was measured by Dual-Energy X-ray Absorptiometry (DEXA), using a Norland XR-26 MARK II bone densitometer. Scans were acquired and processed with an ultra-high resolution software program (available from the manufacturer). The measurements were performed on cuts taken from the neck of the femoral head. The time required for a typical scan at each site was approximately 3 minutes. This method was considered due to the fact that it is now recognized as the most important single determinant of fracture risk in osteoporotic populations.
Measurement of RS
Major advantage of the Raman technique is that the use of laser as excitation source permits the point-by-point analysis (mapping) of the sample. Raman spectra were recorded using a FRA-106/S FT-Raman (Bruker, Karlsruhe, Germany) with the following characteristics: Laser excitation line used was the 1064nm of an Nd:YAG laser. The reference source (He-Ne laser) was used to measure the instrumental response and for checking of the interferometer. Filters were used to remove the Rayleigh line and the optical output of the He-Ne laser. The scattered light was collected at an angle of 1800 (back-scattering). The system was equipped with a LN2 cooled Ge detector (D 418). The power of the incident laser beam was about 150 mW on sample's surface. Typical spectral width was 2 cm -1 . The system was interfaced with a computer. The diameter of laser beam's spot on the sample was 0.1 mm. An X-Y-Z motor (Bruker, Karlsruhe, Germany) was used for "mapping" the sample.
Typical Raman spectra of the cortical region of a bone can be seen Figure 3A . The strong symmetric vibration of bioapatite phosphoric group band can be seen at 960 cm -1 while the Raman intensity at 2937 cm -1 is attributed to the presence of bone collagen.
Raman spectra from the cancellous region of sheep cuts before and after the demineralizing effect of hydrochloric acid can be seen in Figures 3C and 3B , respectively. The organic spectral component changes considerably, with phospolipid spectrum dominating the 2800 -3000 cm -1 region (2852 and 2886 cm -1 corresponding to symmetric and asymmetric CH 2 stretches of lipids). The absence of the characteristic symmetric ν 1 vibration of the phosphoric group at 960 cm -1 in Figure  3B indicates a cancellous region with significant mineral deficiency as opposed to the cancellous region of Figure 3C . The remaining mineral in each cut after demineralization was determined as follows: Four Raman spectra from different spots of the spongy region of each cut before demineralization (control spectra) were recorded and the average of the four ratios, RC, of the 960 cm -1 Raman peak area, A960, to the area of the organic components (2800-3000 cm -1 ), Aorg, was calculated. This ratio was then compared to the respective ratios, RD, of the artificially demineralized cuts. Assuming that the demineralized agent caused no significant change in the organic part of the spectra [10] , the remaining mineral as percentage of the initial bioapatite present was calculated by dividing the ratios i.e. RD / RCx 100 =Remaining mineral %.
Measurement of IEF
The IEF measurements were performed with the Pendulum Impact Tester 53301, which is used for the determination of impact strength of specimens according to DIN 53453 and ISO R 179. The resistance to impact bending tests on notched and unnotched specimens or to impact tensile tests, as defined by applicable standards, is the impact energy absorbed by the specimen referred to the smallest cross -section of the specimen prior to the test. In order to obtain data about the mechanical capacity of the specimen product to withstand stresses, the measured value which is determined for a classification of the toughness and brittleness, as well as of the behaviour at a certain impact bending stress, is of fundamental significance. The bone specimens were broken by sudden impacts hitting the specimen. The KB Pendulum Impact Tester 53301 was used to determine the absorbed impact energy [39] .
Results
The above methodology was applied in order to assess the possibility of using MDF as a monitoring tool of bone structural integrity. Our previous research findings led us to the belief that changes in MDF and QF due to the change in bone structure are correlating with bone density changes.
The relation between MDF -BMD measurements for the total number of cuts is presented in Figure 4 .
From Figure 4 it is apparent that MDF increases with decreasing BMD. This situation corresponds to loss of minerals, hence decrease of bone density and degradation of bone structural integrity. This is something expected from vibrations theory due to thermo elastic effect, given that MDF expresses the dissipated energy due to structural defects, and takes values from 0 to 1, where larger values correspond to structures with higher porosity and vice versa.
The MDF -IEF correlation per cut is presented in Figure 5 , while the correlation of MDF -IEF measurements for all tested specimens, regardless of their location in the trochanter, are presented in Figure 6 .
From both Figures 5&6, it can be seen that when bone porosity increases, something that corresponds to increasing MDF, the energy needed for fracture of the bone is decreasing (IEF), something expected for degradated bones of decreased strength.
The rational of using MDF measurements can be also seen in Figure 7 , where the remaining mineral percentage, that was calculated from Raman spectra recorded from the cancellous region of each cut exposed to laser Raman excitation after the application of IEF to each of the four cuts for each bone, correlates in an inverse way to MDF, i.e. Although these results [39] refer to material properties and do not take into account the moment of inertia related to bone geometry, and the energy absorbing mechanisms, they are better indicators of bone resistance to fracture, as they are closer to fall mechanics (impact injury).
Discussion
On the basis of the above findings it is apparent that the proposed methodology, when used as a bone condition-monitoring tool, can give valuable information for the structural integrity of the bone. More precisely, as stated in previous authors' works [11, 27, 28, 40, 41] , MDF accounts directly for changes in bone architecture. It has been shown that MDF or QF, are directly related with stress concentration due to structural changes [29] , such as the change in bone porosity accompanying osteopenia. Besides, stress concentration is known to cause fracture in materials with such discontinuities.
From the animal studies conducted in this work it is shown that MDF or QF are indicators and measures of the tendency of the deteriorated bone to fracture, and correlate satisfactorily to the conventional methods (BMD, RS) and to the absolute strength measure (IEF).
The conventional methods for bone quality measurement have the following disadvantages: subjectivity, high cost, patient radiation, invasiveness, non portability, require trained personnel, disease must have started in order to be detected. On the contrary, MDF method has the following advantages: objectivity, higher accuracy and sensitivity than every known up to now method for assessment of bone density, repeatability, very low cost in comparison to that of the machines used for bone density measurement, non invasiveness, absence of pain, portability, no patient radiation hence method can be applied whenever wanted, short measurement duration (2-3 min), simple data acquisition procedure without demanding highly trained personnel, disease detection much earlier than any other method. Besides, according to our previous findings [28] , the method is insensitive to variations in soft tissues composition and MDF results correlate with results acquired with all conventional methods, something that does not happen among them. Finally, MDF data can be teletransfered for diagnosis in central medical units of patients living in remote areas.
All above are in support of the effectiveness of the method when applied in a localized scale and reinforce its potential to become the diagnostic tool for monitoring bone structural changes related to metabolic bone diseases in clinical practice. 
